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TIlE RELIABILITY OF STANI)AR) !QATE CONSTANI'S

FOR RAPID ELECTROCIEMICAL REACTIONS

- Thomas Gennett and Michael J. Weaver

. . Department of Chemistry
Purdue University

West Lafayette, Indiana 47907

Abstract

A method is outlined for testing the reliability of standard rate

constants, ks , for rapid electrode reactions evaluated using electrochemical

perturbation techniques. This entails monitoring the response of the apparent

values of kSto systematic alterations of the double-layer structure caused

by the addition of specifically adsorbed anions. These rate responses are

compared with those observed at the same potential for structurally similar,

yet irreversible, reactions for which reliable rate constant - potential data

can be obtained using conventional d.c. methods. The procedure is applied to

rate data obtained for Ru(III)/(II) ammine redox couples by comparing

the measured rate increases resulting from the addition of4(-toluenesulfonate

anions with the corresponding rate increases seen for the irreversible reduction

... 3+/2+
of Co(II) ammines. uthenium(III)/(II) ammine couples, especially u(Nn3) 6

arc proposed as "refereh e reactions" with which to test the capabilities of

different perturbation techniques for evaluating rapid standard rate constants

and for intercomparing rate data obtained in different laboratories.

Accession For

Not INTIS ('F-J&IO DTIC TAP El

Jutln " *i. '.I n__

Distribution/

Avsilability Codes
Avnil and/or

Dist Special

*. .. .. .. . .7.........K...~u..

".o6 6 "2' , . - - " ' ' ' . , - . _ . , . , , . .. . . , . . f . . , . . - . . . .. , . .. . , ,
, , .' -;" - '." -" " ' -. .;-. ... . " - -'- .. . . . ..- .. ." '"- - -. -- -. - -.



* .. r .rr. . . .. ,rr.rY • . . - . . . . . ., °

S- Introduction and Background

Similarly to rate constants for self-exchange reactions in homogeneous

solution, "standard" electrochemical rate constants k
s (i.e. those determined

at the standard or formal potential Ef) are extremely sensitive to the

chemical nature of the redox couple. At least at mercury electrodes it

appears possible to obtain electrochemical rate constants,k el' for simple

outer-sphere processes with accuracies thct approach those obtained for

rates of redox reactions in homogeneous solution. This is most easily

achieved for reactions having ke at significant overpotentials

-4 -2 -1
in the range ca. 10 to 10 cm sec . Under these circumstances

the faradaic current can be accurately extracted

from the background currents, and yet only small to moderate corrections for

diffusion polarization and back reactions are typically required, even when

1,1

using "slow perturbation" techniques such as d.c. polarography.1  However, for

redox couples that involve only small structural differences between the

oxidized and reduced forms the standard rate constants approach, and

possibly surpass, the range of values that are amenable to experimental

evaluation, even using rapid perturbation techniques. Although the exact

magnitude of this upper limit depends inevitably on the time scale of the

particular technique and experimental conditions employed, it is commonly
1'1

regarded as being in the range 0.5 - 5 cm sec . This limit arises from

the vanishingly small contribution made by the electron-transfer kinetics

* to the overall cell response in relation to those provided by the solution

resistance and from reactant diffusion to and from the surface. The evaluation

Sr of rate constants in this range is therefore subject to rapidly increasing

. uncertainties as k increases.

e 
-



Values of k in the region ca i - 100 cm sec are typically predicted

from contemporary electron-transfer theory for outer-sphere reactions involving

small structural changes. [This follows from the anticipated preexponential

4 5 12
factors (10 - 10 cm sec )combined with the activation free energy

-l 3
calculated for solvent reorganization (ca 3 - 6 kcal mol-) ]. Indeed,

s -1

experimental values of k between ca I - 10 cm sec are commonly reported

4,5for such reactions. However, since such values are necessarily close to

the upper limit for the particular technique employed, it is clearly important

to ascertain in as unambiguous manner as possible the reliability of the

measured rate constants. Despite the frequency with which such measurements

are reported in the chemical literature, this question has seldom been

considered. We present here a simple means by which the validity of such

measurements can be checked for a given instrument, technique, and set of

experimental conditions.

We have recently been evaluating standard rate constants for structurally

simple one-electron redox couples involving inorganic and organometallic

species in order to probe quantitatively the applicability of electron-

6
transfer theories to outer-sphere electrochemical reactions. A particularly

interesting group of reactants is provided by ruthenium(III)/(II) couples

containing ammine, aquo, or related ligands. Both the Ru(IlI) and Ru(II)

states are substitutionally inert, and the structural differences between

taem are small. Indeed such Ru(III)/(II) couples have been featured in

s,;cral recent comparisons between experimental and theoretical rate
6,8

parameters for outer-sphere electron transfer.

s sAs with other multicharged reactants the observed values of ks k for'ob'fo

the Ru(LlI),,(lI) couples are sensitive to the double-laver composition.

Wc have previously examined in detail the catalytic influence of specifically

--.
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3

adsorbed anions upon the outer-sphere electroreduction kinetics of several

structurally similar Co(III) and Cr(III) complexes at mercury and s lidl

15-17metal surfaces. An important virtue of these reactants is that thLeir

substitution inertness prevents the occurrence of ligand-bridged pathways

involving the adsorbed anions. By and large the double-layer effects are

consistent with the simple Gouy-Chapman-Stern-Frumkin (GCSF) model once the

S-'- likely noncoincidence of the reaction sites and the outer Helmholtz plane

11-14
(o.H.p.) is taken into account. Therefore we can write for one-electron

13reductions

log k E  log k - (F/2.303RT)(Z (I)
ob corr r corr r

'4 Ewhere k is the double-layer corrected rate constant corresponding tocorr
kE
k at the same potential E (such as the standard potential), Z is theob r

reactant charge number, aC is the double-layer corrected transfer coefficient,

and 0r is the average potential at the reaction site with respect to the bulk

solution.

This simple predictable behavior suggested to us that a useful means of

ascertaining the reliability of measured ("apparent") values of ks  skapp),0b kob~ap

for reactions where the rate constants approach the anticipated upper limit

of evaluation by a particular technique would be to examine the increases in

kb (app) brought about by suitable alterations in double-layer structure.

Sufficiently large negative changes in Ar , r' can conveniently be induced

2by anion specific adsorption to yield large (ca 10 - 10 fold) increases in

k ob" By selecting suitably strongly adsorbing anions large changes

in r can be induced by only small changes in the electrolyte composition,

thereby maintaining the solution resistance (R s) essentially constant. This

strategy therefore provides a means by which the value of ks  (i.e. theob

"charge-transfer" resistance Rt) can be "tuned" over wide ranges while R
ct s
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remains fixed. Consequently, values of ks(app) that vary with riil hL'ob~ap ta aywh r

manner predicted by Eq. (1) indicate that they arise from R as xpectced,

sk s
so that k (app) zk' On the other hand, values of k (app) that fail to

ob ob* ob

respond to such variation in r indicate that the true values of k s  ri
ob r

beyond the range of the technique employed.

Two methods can be envisaged by which the values of Alog kS  can be
ob

evaluated independently of the k b(app) measurements. Firstly, they can be

estimated via Eq. (1) from the corresponding & r values determined from

double-layer compositional data using the Gouy-Chapman model. While reasonable,

this approach suffers from the limitations of Eq. (1) arising from the non-

coincidence of the reaction site with the o.H.p. An alternative approach,

employed here, involves the use of an electrochemically irreversible

"calibration reaction" that features a redox couple of the same charge type

and similar structure to the test reaction and yet exhibits sufficiently

smaller rate constants so that their evaluation is entirely reliable. The

latter approach eliminates the need for double-layer compositional data.

Since on the basis of Eq. (1) the effect of altering the double-layer structure

upon ks  is determined by the reactant charge type and structure rather than
ob

by the absolute magnitude of k if the values of ks (a)
ob' obap are themselves

reliable such increases in k b(app) should obey the approximate relation

Alog k 0 (app) z Alog (kEQ (2)
Obob cal(2

£ 0wn,,re ko1)cal is the rate constant for the calibration reaction measured at

the standard potential, EQ , for the test redox couple. A marked breakdown

in tLe applicability of Eq. (2), especially the observation that
E0

ANOg $(app' < Alog(ko)cal above certain values of k b(app),would provide

a C.Ivar indication that the limit of measurability of ks  has been reached
ob

'ind that i hcsc values of k5 (app) are untrustworthy.
ob

ar utuswrty
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The present report describes an illustrative application of this

3+/2+
procedure to electrocheiaical rate data for Ru(NH3) 6-x(OH 2) x  couples,

where x = 0-2, obtained at the mercury-aqueous interface using a.c. poLaro-

graphy. A crucial virtue of these systems is that the one-electron eIL ctrreLduction

3+
kinetics of the corresponding Co(NH3 )6  (OH2) complexes can be c~valtatid

unambiguously in the vicinity of the Ru(lil)/(Il) formal potcntials.

(ca. -130 to -180 mV vs. the saturated calomel electrode, s.c.e.) by using

d.c. or normal pulse polarography. Similar variations in kob at a given

E
electrode potential, kb are expected to be induced for corresponding

Ru(III)/(II) and Co(III)/(Il) couples by altering the double-layer structure

on account of their identical charge, ligand composition, and similar

electronic structure. By adding small (< 1 mM) concentrations of p-toluene

sulfonate (pTS) anions to the potassium hexafluorophosphate base electrolyte

very large (up to ca 102 fold) increases in kE could be obtained for Co(III)ob

reduction resulting from pTS adsorption. This provides a convenient means

of altering ks  for the Ru(lIl)/(ll) couples from conveniently measurable values
ob

to those approaching the anticipated measurement limit and beyond. Comparison
S

of the rate enhancements for Co(III) reduction with the increases in ko (app)
ob

observed for the corresponding Ru(III)/(II) couple therefore enables the

reliability of the latter values to be critically assessed.

Experimental Section

Ru(NH3 )5OH2 "(PF 6 )3 was prepared from air oxidation of Ru(NH23)5+OH2

synthesized as in ref. 18. Ru(NH3 )6 "(CF3 SO3 )3 and Ru(NH 3 )4 (OH2 )2 (CF3 SO3 )3

were gifts from Dr. G. M. Brown. The corresponding Co(Ill) complexes were

synthesized as the solid PF salts using literature procedures:

6

.,
p "
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3+3+ 3+

suifonate (Aldrich Inc) and potassium hexafluorophosphate (Alfa

were thrice recrystallized from water before use. Water was purified using

a "Milli Q" system (Millipore Corp).

The electrochemical kinetic measurements employed a dropping mercury

electrode witn a mechanically controlled drop time of 2 secs. Reactant

concentrations in the range i - 2 mM were generally employed. D.c. and

normal pulse polarography was undertaken using a PAR 174A Polarographic Analyzer

(E.G. & G. Instruments). Plots of the observed rate constants k for the
ob

totally irreversible co(III) reactions'2 against electrode potential E

were obtained from such polarograms by using the analyses described by

22
Oldham and Parry. The a.c. polarographic measurements employed a PAR

173/179 potentiostat, a PAR 175 potential programmer, and a PAR 5204 Lock-in

amplifier. Frequencies between 100-1100 Hz with 10 mV. peak-to-peak

amplitude were applied to the cell while the potential was swept at

-1
1 mV sec through the polarographic wave. The in-phase and quadrature

components of the resulting impedance were plotted on a Houston

2000 X-Y recorder. The response of the instrument was deemed satisfactory

for a.c. frequencies, w, between 40-1400 Hz by measuring the ratio (cot P)

of in-phase to quadrature components for a Randles-type dummy cell as

described in ref. 23. At frequencies above 2000 Hz the cot -w plots exhibited

significant deviations from the calculated curve for the dummy cell; this

is probably due to response-time limitations of the potentiostat and

current follower. Values of ks (app) were obtained from the slope of plotsob

of cotq vursus w measured at the reversible "half-wave" potential for the

redox couple, , using24

•,","6 " .-.".-.-,- - . "L ""." " ,' " " .-, ''-" ," - -,".""% ' " -f \ ."-•. '''' .. ..



7
a.O.

[coto] 1 + (Dox aDa /2)2 [wi/ksb(app)Eox red LOb~a)

where D and D are the diffusion coefficients of the oxidized and
ox red

reduced species, respectively, is the observ~d cathodic traII>Sfer co,_f icieut,

-I r
and - has the units radians see Values of E were Qbtaintd In

2

polarography and cyclic voltammetry (the latter using a hanging mer -v drop

electrode); -4 was determined from

r
E = + (RT/F)ln[a/(l-a)] (4)
max

where E corresponds to the maximum on the cotp-E plots at various a.c.max

24
frequencies. Values of D and D were obtained from the polarographic

ox red

limiting currents for reduction and oxidation of the appropriate Ru(llI)

and Ru(II) species, respectively.

Most other experimental details are given in ref. 16. All potentials

were measured against a saturated calomel electrode (s.c.e.), and all

measurements were made at 23 + 0.5C.

Results and Discussion

Figure 1 consists of the logarithm of the "apparent" rate constants,

log k b(app), observed using a.c. polarography for Ru(N 36+/
2+ in 0.1 '

KPF with progressively increasing concentrations of NapTS, plotted against
6

-175 3+the logarithm of the corresponding rate constants, log kb17  for Co(NH3)+S ob

reduction at the formal potential for Ru(NH 3 /2 (-175 mV). P-Toluene-3 6 (-7mV. -Tue-

sulfonate was chosen as the adsorbing anion since it is noncomplexing

yet sufficiently adsorbed at mercury, especially in the i(LenL 'al

region of interest here, so that only very small bulk (oncentrations are

required in order to yield large surface concentrations of adsorbed anions.

7--.



Thus ca. o-.~idincreases in kob for Co(13I )3 + reduction are jnduccd I,

Lhe additior of I mM NapTS at -175 mV (Fig. i).
-'' ltog tevluso -17 5

Although the values of k for Co(NiH ) + reduction are very small
ob 3 6

-6 -1(ca 4 x 10 cm sec ) in electrolytes containing little or no pTS , tiesc

rate constants as well as those at higher pTS concentrations can IIICLtifflcSS LW
+

* obtained reliably by a short (: 100 m\) extrapolation of th- linear log Kob -E

"[ plots obtained from the totally irreversible d.c. polarograms. (These Tafel

piots, extracted from currents on the rising portion of the polarographic

-4 -2 -
wave, generally referred to values of k between 10 and 10 cm sec

ob

The lower limit of k is determined by the detection of current for Co(Ill)
ob

reduction in relation to the background currents, and the upper limit by

the onset of complete diffusion polarization). That only minor changes

iii the bulk electrolyte composition are needed to yield large double-laver

structural changes is an important virtue of this system. This minimizes

the likelihood that changes in k s (app) for Ru(H )6 +/2+ could be due in part
ob 36

LO artifacts associated with alterations in R .S

Potassium hexafluorophosphate was selected as the base electrolyte

since PF anions are only weakly adsorbed in the potential region ca 0 to

-400 mV, yielding only small positive values of the potential across the

diffuse layer, Cd' for concentrations in the range 0.1 - 0.5 m. 13,26 The

limited solubility of Ru(NH3 )6  and Co(NH 3 )6  in this medium necessitated

'., use of ionic strengths around 0.1 M. Values of k obtained for the
ob

present reactions in 0.1 M KPF 6 should therefore be close to, yet

sOigrinificantly smaller than, the corresponding "double layer-corrected"

13rote constant, kcr LEq. (1)], provided that "This latter

cod latter

"-tion itas been shown to be correct for Co(lIl) ammine reductions.
1 2 ,1 3 ,i

. . . ..'?/~~...... ......... ,..... .-.......-...-.-. ,,-,-..-. -...-.... -.. ...... ,

k .7. . . . . . . . * ~ . ...-
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In view of Eq. (2), we expect that the plot in Fig. I should approximate

a straight line with unit slope. (The line drawn through the point I has

such a slope.) In actuality, the points 1-3 yield a reasonable straight

line with a slope around 0.9, whereas at higher pTS concentrations

(points 4-7 [pTS- z 0.06 mM) progressively smaller increases in log k5 (app)
-175

are obtained relative to log k . The last point in Fig. 1 (7),

k cor(app)dicm tsec -l
corresponding to 2 CM sec , represents the largest value of!..

--'"k b(app) that could meaningfully be evaluated from the cot -w plots. Higher

oobr-.,values of k ob (app) yield plots with slopes that are statistically indistinguishable

from zero within the range of a.c. frequencies employed, given the uncertainties

in evaluating cotp from the a.c. polarograms.

Figure 2 shows the corresponding plot of log ko (app) for the
3+2 frc-o'3+

c-Ru(NH3 )4 (OH2)
3+ / 2+ couple against log k for c-Co(NH3 ) 4 (OH2 )2  reduction,

-135
log kob , determined at the appropriate formal potential for this Ru'liI)/(II)

couple (-135 mV). Again, the straight line shown has a slope of 1.0. The points

for the lowest pTS concentrations (1-5), corresponding to the smallest

S~ -135
ko (app) and k values, yield an approximate straight line with slope ca 0.9,
ob ob

s -1
with the points corresponding to kb(app) z 1.0 cm sec (6-10) deviating

progressively further from this line. The reproducibility of the cot',-w plots,

and hence kob (app), for c-Ru(NH3)4 (H +/2+ was significantly greater than

.".

42-0
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b3+12+

those for Ru(NH. ) , at least for te constants approaching thtc upper

3+limit. This is because Ru(NH 3 ) 6  slowly precipitated Irom solution, eveituiilv

Viclding concentrations below the values (1-2 nIM) desirable lor accur,,tc

subtraction of the background currents. No such difficulties were

encountered with Ru(NH ) ii 3/ for which statistically nonzero cot¢-
34 22

slopes could be obtained that correspond to values of ko (app) up to ca 4.5
ob

-l
cm sec Representative cot -w2 plots for Ru(NH ) (O1 ), +  

, corresponding

to the data in Fig. 2, are shown in Fig. 3. The deviations from linearity

sect, for points 7-1.0 in Fig. 2 are considered to be outside the limits of

experimental precision estimated on the basis of the observed scatter in

the cotg-02 plots (Fig 3).

The values of k for c-Co(NH3)4(OH2) reduction in Fig. 2

ob 3 4 22

(ca 5 x 10- 3 to 0.5 cm sec ) are markedly larger than those for Co(NH3 ) 3

reauction in Fig. I (ca 5 x 10- 6 to 2 x 10- 4 cm sec- ). However, little

systematic error is expected to be introduced into the evaluation of k
ob

for either reaction due to the relatively short (100-200 mV) extrapolations of the

Tafel lines involved together with the known reliability of d.c. polarography

for accurately evaluating such plots.
2 7  In addition, the values of log kE

ob

obtained for both these reactions at a given electrode potential are

vcijv similar. Similar results to those in Figs. 1 and 2 were also obtained

* 3+/2+
'or Ri(NH )5 2  by comparing the pTS rate accelerations with those seen

3+
or Co('H 3) OH reduction at the same electrode potential (-162 mV).

.3 5

,7"-

A.0-' V% F
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These data therefore indicate that the values of ks (app) for Ix'tle

• .b

Ru(III)/(II) couples determined using a.c. polarography approxima;te

the corresponding "true" values, kS (true), for k (app) < 1 .0 cm sec
ob ob
s s-lwhereas kS (app) < k (true) for k' (app) > 10.() cm sec , tile Magnitude

ob ob ob

of this discrepancy increasing rapidly as k becomes larger. Admittedl,
ob

the slopes of the log kob (app) - log kob plots are slightly smaller than

that expected (1.0) even for k b(app) < 1.0 cm sec , suggesting that
ob

. ko (app) < ko (true) even under these conditions. However, this is probably
ob ob

due to smaller changes in ' d experienced by Ru(III)/(II) upon pTS adsorption

in comparison with those for the corresponding Co(IIl)/(ll) couple. This i.-

expected in view of the slightly larger size of the ruthenium complexes

placing the reaction site further from the electrode surface. Therefore, on

the basis of Figs. 1 and 2 the values of k ob(app), at least in 0.1 M KPF(

appear to be close (at least within ca 50%) to the corresponding "true"
S

standard rate constants, k5 (true).
ob

Support to this assertion is provided by examining the changes in

5 3+/2+k ob (app) induced for Ru(NH 3)6  (OH2 )
+  couples by varying the number

of aquo ligands x. Table I contains a summary of standard rate constants

in 0.1 M KPF6 for the three Ru(III)/(II) couples studied here, together with

a value for Ru(OH2 )3+/2+6 determined previously in 0.2 M KPF 6 using cyclic

28 1.GCSvoltammetry. Since the values of d in 0. M KPF in this potential region

13are small and positive, the corresponding double layer-corrected rate

constants, ks  obtained using Eq (D are somewhat larger than ks (Table I;'Corr ' ob

see footnotes for procedural details).

It is interesting to note that the substitution of aquo for ammine

ligands leads to a progressive diminution in kS as well as in k b(app).
7_rCorr ob

Such decreases are indeed expected from structural considerations since it

3+/2+ ehbt
is known from x-ray crystallographic data that Ru(OH2 ) 6  exhibits a

* *. . . ...- &.%..o.° .7.. • • •- 6
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noticeably larger difference, Aa, in metal-ligand bond distance between tht!

293/2
Ru(ill) and Ru(II) forms (0.09 ) than for Ru(NH ) (0.04

36

These structural differences combined with metal-ligand force constants

from vibrational spectroscopic data enable inner-shell reorganization

7
energies to be obtained, which together with the theoretical estimates of

2 -

tLeouter-shell (solvent) reorganization energy and the frequency factor

s s
enable theoreLical estimates of k, k orr(calc), to be obtained. Bycorr kt b baie.B

assuming that the same valuesof ta also hold for the individual rutheniu:-

aquo and ruthenium-ammine bonds in the mixed-ligand complexes, values of

kSo (calc) can also be obtained for these systems.
sCorr

These values are also given in Table I. (See the footnotes for

calculational details. 3 Although the absolute estimates of ks  (calc)
Corr

are subject to some uncertainties given the assumptions involved,

tii.w relative values within such a reactant series should be quantitatively

r t i.ib le.

Comparison of the corresponding values of k and ks  (calc) in
corr corr

5Table I shows that the observed decreases in k as the number of aquo
corr

ligands increases are very close to the theoretical expectations. Indeed,

good agreement is also seen between individual values of k and ks  (calc)
corr corr

fur the three Ru(III)/(II) ammines studied here. Since the values of
q3+/2+ 3+/2+

k tS for c-Ru(NH ) (OH ) and Ru(OH2) are sufficiently I
01" 3 4 22 2 Ru0H 6

-1)
smIl1 ( 0.1 cm sec so to render their evaluation less suseptible to

mr,,~dremLat errors, this finding further supports the reliability of the

present (app) values obtained for Ru(NH3) +/2+ in 0.1 M KPF 6 .ob (3p RuN 3 6  in

It remains to consider possible reasons for the increasingly systematic

dcvfations seen between the values of k5 (app) at the highest pTS
ob

concentraLion in Figs 1 and 2 and the estimates oif k o(true) obtained from
ob

the linear correlation plot. One obvious possibility is that the decreasing

precision with which k8 (app) can be obtained when the cotP- slopes
ob

p.
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become very small (Fig. 3) renders these deviations statistically

insignificant. However, the error bars shown in Fig. 2, which were

estimated from the coto-wo plots in Fig. 3, suggest that these

discrepancies between corresponding values of k s(app) and k (true) arto

in part from nonrandom errors. One likely source ot such error i s

associated with the presence of uncompensated cell resistance, even

though positive feedback compensation was applied. Although higher a.c.

frequencies could be used to attain higher values of cotQ, the commercial

instrumentation used here displayed nonideal behavior under such condit i,,n ;

(vide supra).

Conclusions

The foregoing demonstrates the hitherto unexploited utility of the

electrostatic double-layer effects exerted by specifically adsorbed anions

upon suitable outer-sphere electrode reactions to provide a means for

checking the reliability of standard rate constants

obtained using a given perturbation technique. This approach can also be

used to determine the practical upper limit to the standard rate constants

that can be evaluated for a given set of experimental conditions using a

particular technique.

The number of reactant systems that fulfill the criteria necessary tor

this approach is probably not large. However, the present Nu([11)/(1 redox

couples offer a number of desirable features that prompt their utilization

as "reference reactions" with which to test the relative merits of different

techniques and to intercompare electrochemical rate data obtained in

d3+12+different laboratories. rhe Ru(NH 3)b couple is particularly suitable

,'.-..-
sw iG ",..-..'

-S - - •i i - " , ' - ,. . . . -. , . -. .. ' - . . . .



3+
tor this purpose. Thus Ru(NH)3+6 may be obtained commercially in solid

form which can easily be purified. Both the Ru(Il) and Ru(1l) forms are

'33
stable in aqueous solution over a wide range of pH values, and in nonaqueous

34
media. The couple yields standard rate constants that can be varied

from measurable values in KPF electrolyte to values in other electrolytesKP6

whose evaluation should provide a stern test for even the most sophisticated

rapid perturbation methods. Ru(lII)/(Il) couples could be utilized, for

example, to provide objective tests of the assertion that there are "no

electrode reactions with rate constants that lie beyond the reach of existing

35
mc asurement methods".

.. .3+/2+
A related redox couple, Ru(bpy)3  (bpy = 2,2'-bipyridine) has also

A3

been proposed recently as a "reference reaction" for a similar purpose.36

* -- 3+/2+However Ru(bpy) 3  has several serious drawbacks for such applications. These

include its extremely positive standard potential which precludes the

measurement of kS on most electrode materials, including mercury, and its

tendency to adsorb from aqueous media via the hydrophobic bipyridine ligands.
s 3+/2+

In addition, values of k orr(calc) are obtained for Ru(bpy) 3  (ca. 100

-1) 31
cm sec ) that are outside the range of existing measurement methods, so

that the occurence of unexpected and possibly artifactual experimental

conditions are required to yield measurable values of ks for this couple.ob

In contrast, the Ru(Ill)/(II) couples considered here have none of these

disadvantages, and moreover offer formal potentials which lie in the range to

uil"kuLe k s to be evaluated at a number of solid electrodes as well as at mercury.

It is hoped that these measurements of rapid rate constants for such reference

reactions under systematically varying and well-defined double-layer

coiditions will encourage further efforts to obtain reliable values of

ssKob and hence k for a variety of redox couples. Such data are sorely
corr

. . . .. . .

4 -.- ° °. ° - .



needed for the overdue development of a quantitative molecularly-based

understanding of outer-sphere electrochemical reactivity.

Acknowledgments

Theoretical calculations of the electrochemical rate constants wero

undertaken by Joseph Flupp, Ru(iII1) syntheses were per.ormied by

Dr. Tomi Liand David Milner supplied valuable technical expertise.

LA.



.- . --" -*' .- -i- ' ". . - ' '. - . :_ , . -.- . . : _ • : - . _. . . ,

-' L~vire.ic es

(1) For example, see Kuta, J.; Yeager, E.; in "Techniques ci Electrocihcmi stry",
Vol 1, E. Yeager, A. J. Salkind (eds), Wiley, New York, 11A72, Chaptvr 3.

(2) Hupp, T. J.; Weaver, M. J. J. Electroanal. Chem., 1983, 152, 1

(3) Marcus, R. A.; J. Chem. Phys. 1965, 43, 679.

(4) Saji, T.; Yamada, T.; Aoyagui, S.; J. Electroanal. Chem. 1975, 61, 14'.

(5) Saji, T.; Maruyama, Y.; Aoyagui, S.; 3. Electroanal. Chem. 1978, 8u, 21g.

(6) Hupp, J. T.; Liu, H. Y., Farmer, J. K.; G;nnett, 1'.; Weaver, M. J.;
J. Electroanal. Chem., in press.

(7) Brown, G. M.; Sutin, N.; J. Am. Chem. Soc. 1979, 101, 883.

(8) Brunschwig, B. S.; Creutz, C.; MaCartnev, D. H.; Sham, T.-K.; Sutin,
N.; Disc. Far. Soc. 1983, 74, 113.

(9) Weaver, M.J.; Anson, F.C.; J. Electroanal. Chem. 1975, 65, 711, 737, 759.

(10) Weaver, M.J.; Anson, F.C.; Inorg. Chem. 1976, 15, 1871.

(11) Weaver, M.J.; Satterberg, T.L.; J. Phys. Chem. 1977, 81, 1772.

(i2) Satterberg, T.L.; Weaver, M.J.; J. Phys. Chem. 1978, 82, 1784.
I

(13) heaver, M.J.; J. Electroanal. Chem. 1978, 93, 231.

(14) Weaver, M.J.; Liu, H.Y.; Kim, Y.; Can. J. Chem., 1981, 59, 1944.

(15) Guyer, K.L.; Barr, S.W.; Cave, R.J.; Weaver, M.J.; "Proc. 3rd. Symp.

on Electrode Processes", Bruckenstein, S.; McIntyre, J.D.E.; Miller, B.;
Yeager, E.; (eds), Electrochemical Society, Pennington, N.J., 1980,
p. 390.

(In) Barr, S.W.; Guyer, K.L.; Weaver, M.J.; J. Electroanal. Chem., 1980, ill,

(17) Larkin, D.; Guyer, K.L.; Hupp, J.T.; Weaver, M.J.; J. Electroanal. Chem.
1982, k38, 401.

(ib) Callahan, R.W.; Brown, G.M.; Meyer, T.J.; Inorg. Chem. 1975, 14, 1443.

(19) Brauer, G.; ed. "Handbook of Preparative Inorganic Chemistry", Vol 2,
2nd Ed., Academic Press, N.Y., 1965, p. 1531.

,2U) Basolo, F.; Newman, R.K.; lnorg. Synth. 1946, 4, 171.

g I.



17

. (21) White, J.D.; Newton, J.W.; J. Phys. Chem. 1971, 75, 2117.

(22) Oldham, K.B.; Parry, E.P.; Anal. Chem. 19b8, 40, 65.

• (23) Kojima, H.; Bard, A.I.; J. Electroanal. Chem. 1975, 63, 117.

(24) Bard, A. J.; Faulkner, L. K.; "Electrochemical Iethods",

J. Wiley, N.Y., pp. 333-341.

(25) Alias, K.; Fawcett, W.R.; Parsons, R.; J. Chem. Soc. Far. Trans 1,
1974, 1046.

(26) Tyma, P.D.; Weaver, M.J.; J. Electroanal. Chem., 1980, 111, 195.

(27) Weaver, M. J.; Anson, F. C.; J. Phys. Chem. 1976, '0,

1861.

(28) Weaver, M.J.; J. Phys. Chem. 1980, 84, 568.

(29) Bernhard, P.; Burgi, H-B.; Bauser, J.; Lehmann, H.; Ludi, A.; Inorg.
Chem., 1982, 2 3936.

(30) Sytnes, H.C.; Ibers, J.A.; Inorg. Chem. 1971, 10,2304.

k3l) Hupp, J.T.; Weaver, M.J.; in preparation.

(32) Brown, E.R.; McCord, T.G.; Smith, D.E.; DeFord, D.D.; Anal. Chem., t966,
38, 1119.

(33) Endicott, J.F.; Taube, H.; Inorg. Chem., 1965, 4, 437.

(34) Sahami, S.; Weaver, M.J.; J. Electroanal. Chem., 1981, 122, 171.

(35) Koizumi, N.; Saji, T.; Aoyagui, S.; J. Electroanal. Chem., 1977, 81, 403.

(36) Martin, C.R.; Rubinstein, I.; Bard, A.J.; J. Electroanal. Chem.,
i 83, 151, 267.

This work is supported in part by the Office of Naval Research and the

Air Force Office of Scientific Research. M.J.W. gratefully acknowledges

A*
a fellowship from the Alfred P. Sloan Foundation.

:.4..
'p% '' ,N 'i " " "" '-X -", -'" " '- - . - ". . . . . . .



....... .. . . .. .° .

V. i 7

'able 1. Standard Elioctrochemica[. Rate PraIicters Ior Ru(111)/( I ) Coupics at the
Mercury-Aqueous Interface; Comparison with Theoretical Predictions.

a kb e s f  s
Redox Couple E_ k. k k (calc)

I ob corr corr
mV. vs. s.c.e.

Ru(NH )3+/2+ -175 0.35 0.65+0.02 2.0 2.0
3 6
S 3+12L+Ru(NH3) OH2 -162 0.25 0.64+0.02 1.5 1.4

RN3) 50H2
3+/2+ -135 0.17 0.61+0.02 1.0 1.1c-Ru(NH3 ) 5 (OH2) 2  d-

Ru(OH2) 3+ / 2 +  -20 z5xl0- 3
-- -5x10 - 2  0.3

26

aFormal potential of redox couple measured in 0.1 M KPF

bStandard rate constant obtained in 0.1 M KPF 6 using a.c. polarographv,

except where noted.

Cl mM HClO. also present to suppress hydrolysis; quoted value is (0.83 x observed

value) on basis of observed influence of 1 mM HCIO upon ks for Ru(NH1 )3+/2+.
_ 4 ob 3 6

dObtained in 0.2 M KPF6 + 2 mM HPF 6 . Data from ref. 28.

*observed transfer coefficient in 0.1 M KPF6, determined from a.c. polarography using

Eq. (3) (see text).

Double-layer corrected standard rate constant, determined from Eq (1) with
Z = 3, o z 0.5. Values of 0r at Ef for each redox couple estimate+

po ation om data given in ref. 13.3 ctakn as ) m6
and Ru(NH3 )5OH2, , 20 mV for Ru(NH3 )4 (OH2 )

2 +  and Ru(OH2 )6  .)

Standard rate constants calculated from outer-sphere electron-transfer theory,
using2 ,8  ks  = 6rv exp[-(AG. + AG* /RT)], where 6r is the "reaction zone
thickness"2,ca~c is the nuclear trequencv factor-, and AG. and AG* are then os

activation free energies associated with inner- and outer-sHell reorganization,

respectively, These various quantities were taken or calculated as follows: 6 ,31
6r = 6 x 10-  cm.,2 values of vn from wei hed mean of inner- and outer-shell
rL.rrangement frequencies

2 [for n Ru(NHv =3.5 x 1012 sec-
1  for Ru(Ot 2)3+/2+

-RuN 3)6  fr m 2(iehl
1012 sec ], Inner-shell barrier from L. = 1/4 Zfi(Aa/2) 2i.e.hal

die homogeneous inner-shell barrier), where fi is'Phe force constant of the i th
rnitat-ligand vibration,8  and Aa is the difference in metal-ligand bond
distances in the oxidized and reduced forms (0.09 and 0.04 R for Ru(H,-) 3+ /2+
and u(NH3)63+/2+, respectively;2 9 ,30 outer-sheli barrier AG* from diefectric

continuum model essentially as described in ref. 28. Further details will be
available elsewlere.3 1
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Figure Captions

-1
Figuire 1. Plot of logarithm of observed standard rate constant (cm se.)

3+/2+ s
for Ru(NH 3 )6  measured using a.c. polarography, log kob (app), in 0.1 M

KPF 6 and for various additions of NapTS, against logarithm of observed raItL

3+ -175
constant for Co(NH 3 ) 6  reduction, log k , at same electrode potentialobatsmelcrdptt i

(-175 mV) and in the same electrolytes. Key to NapTS concentrations:

1, OmM; 2, 0.01; 3, 0.03; 4, 0.06; 5, 0.1; 6, 0.2; 7, 0.8nM. The straight

line is drawn through point 1 and has a slope of 1.0.

-1

iigure 2. Plot of logarithm of observed standard rate constant (cm sec

for c-Ru(NH3 )4 (OH 2 )+
2 + measured using a.c. polarography, log ksb(app), in3b 4pp)2, b

0.1 M KPF 6 + 1 mM HC10 4 and for various additions of NapTS, against logarithm

3+ -135
of observed rate constant for c-Co(NH3 )4 (OH ) reduction, log k 1  at

22 ob

same potential (-135 mV) and in the same electrolytes. Key to NapTS

concentrations: 1 - 7, as in Fig. 1; 8, 1.6 mM; 9, 3.2 mM; 10, 10.8 mM.

The straight line is drawn through point 1 and has a slope of 1.0.

Figure 3. Representative plots of cot* from a.c. polarograms tor

3+/2+
c-Ru(NH 3)4 (OH 2) 2  at reversible half-wave potential (-135 mV) versus square root

%L

of applied frequency, w , in 0.1 M KPF 6 (line i) and for three additions ot

NapTS (lines 3,7,10). Key to ITapTS concentrations as in Fig. 2.

" - e
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